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High power factor n-type organic thermoelectric nanocomposites are assembled by alternately depos-
iting double walled-nanotubes (DWNT), stabilized by polyethyleneimine (PEI), and graphene stabilized
by polyvinylpyrrolidone (PVP), fromwater using the layer-by-layer (LbL) assembly technique. This unique
combination of carbon nanomaterials exhibits an electrical conductivity of 300 S cm1 and a relatively
stable power factor of 190 μWm1 K2 at room temperature.
& 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Limited conventional fossil fuel resources, coupled with the
related environmental problems such as greenhouse gas emissions
that cause ozone depletion and global warming have accelerated
the search for low cost and pollution-free alternative sustainable
energy [1,2]. Most of the energy currently produced is not effec-
tively used and is lost as waste heat, mainly from industrial op-
erations and transportation exhausts [3]. One promising solution
to this challenge to develop clean and sustainable energy is to
scavenge waste heat with thermoelectric (TE) generators, which
could directly convert an enormous amount of waste heat into
useful voltage [4,5]. The performance of TE materials is typically
determined by the dimensionless thermoelectric ﬁgure of merit
(ZT¼S2sT/κ), where S is the Seebeck coefﬁcient (V K1), s is the
electrical conductivity (S cm1), T is the absolute temperature (K),
and κ is the thermal conductivity (W m1 K1), respectively. The
quantity S2s is known as the power factor (PF), with higher PF
resulting in larger power output. Although high S, high s, and low
κ are needed for a superior performance TE material, the physical
interconnection between these parameters makes increasing ZT aLtd. This is an open access article u
ical Engineering, Texas A&M
ates.
.challenge [6]. More recently, the introduction of nanostructures
has provided the ability to decouple these parameters. Low di-
mensional structures serve either to increase S, by quantum con-
ﬁnement effect or ﬁltering of low energy carriers at the interface,
or to decrease κ, via the increased number of interfaces to scatter
phonons, without affecting other parameters [7–9].
Great progress has been made on polymer-based organic na-
nocomposites as a viable class of TE materials due to their desir-
able properties such as mechanical ﬂexibility, low thermal con-
ductivity, abundance, easy of processing, and environmental
friendliness relative to inorganic thermoelectric materials [10]. For
example, nanostructured conjugated polymer networks, with or
without electrically conductive ﬁllers (carbonaceous nanoﬁllers
such as carbon nanotubes (CNTs) or graphene), have exhibited
excellent TE performance [11–15]. Despite the recent improve-
ments in p-type organic TE materials, most n-type counterparts
have lower performance because of difﬁculties in stable doping of
organic TE ﬁlms [16–19]. It is critical to ﬁnd an effective way to
improve n-type materials to produce useful organic TE generators.
Towards addressing a lack of high performance n-type organic TE
materials, where nanoscale control is necessary to take full ad-
vantage of the carbon materials, a highly ordered 3D conjugated
network is developed that incorporates nanotubes and graphene
with the layer-by-layer (LbL) method. LbL assembly is a thin ﬁlm
deposition technique that alternately exposes a substrate tonder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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carbon materials with complementary interactions (electrostatic,
hydrogen bonding, covalent bonding, hydrophobic, etc.) [20–23].
The advantage of this deposition method is the precise control of
the ﬁlm thickness and architecture on the nanoscale through ad-
justment of concentration, pH, ionic strength, and deposition time
of the aqueous mixtures [24,25]. Most organic TE materials made
by simple mechanical mixing, interfacial polymerization, and
polymer emulsion methods suffer from a lack of architecture and
property control due to random dispersion of nanoparticles in the
polymer matrix [26–28]. In this regard, the LbL method provides
an opportunity to incorporate carbon nanomaterials homo-
geneously into a uniformly layered structure, combining the ad-
vantages of individual components to produce signiﬁcant im-
provement in completely organic TE material properties [12,13].
There have also been a few studies of the thermoelectric behavior
of organic/inorganic hybrid composites produced using LbL as-
sembly [29–31], but completely organic, n-type LbL assemblies
have never before been reported in the open literature.
In the present study, multilayer ﬁlms are assembled with
polyethyleneimine (PEI)-stabilized DWNT and poly-
vinylpyrrolidone (PVP)-stabilized graphene. An 80 bilayer DWNT-
PEI/graphene-PVP thin ﬁlm (320 nm in thickness) exhibits very
high s (300 S cm1) and S (80 mV K1), and are relatively air-
stable over 60 days with no protection. In this ﬁrst ever in-
vestigation of the n-type TE behavior of an LbL-assembled ﬁlm, the
resulting nanocomposites exhibit a remarkable PF of
190 μW 1 K2 at room temperature, which is one of the highest
values reported among organic n-type TE materials. The use of
water-based nanocoatings can be used for novel TE generators
(e.g., power fabric).2. Experimental details
2.1. Materials
Branched polyethyleneimine (PEI) (Mw¼25,000 g mol1) and
polyvinylpyrrolidone (PVP) (Mw¼360,000 g mol1) were pur-
chased from Sigma-Aldrich (Milwaukee, WI). Graphene (CX-750,
platelet diameter r2 mm and thickness of a few nm) was provided
by XG Sciences (Lansing, MI). Double-walled carbon nanotubes
(DWNT) (XB type, 1 mm length and 1.5 nm diameter) were pur-
chased from Continental Carbon Nanotechnologies, Inc. (Houston,
TX). Ultrapure water (Milli-Q, Billerica, MA) with a speciﬁc re-
sistance greater than 18 MΩ was used in all aqueous solutions and
rinses. 0.2 wt% graphene and 0.03 wt% DWNT were individually
dispersed in deionized (DI) water containing 0.1 wt% PVP and
1 wt% PEI, respectively. Both graphene and DWNT suspensions
were tip sonicated in an ice water bath for 1 h, followed by bath
sonication for 45 min, and another 1 h of tip sonication to
homogenize. The dispersed solutions were centrifuged at
4000 rpm for 10 min and the supernatant was collected. Solutions
were used without altering pH.
2.2. Film assembly
Thin ﬁlms were deposited by alternately dipping substrates
into the Graphene-PVP and DWNT-PEI solutions using home-built
robotic systems. Cleaned substrates were submerged ﬁrst in the
DWNT-PEI solution for 5 min, followed by a series of three rinse
baths of DI water. The substrate was then dipped into graphene-
PVP solution for another 5 min and three rinse baths again.
Starting from the second deposition cycle, the remaining layers
were deposited using 1 min exposure to each solution. This pro-
cess was repeated until the desired number of bilayers (BL) wasdeposited. Unless otherwise stated, the outermost layer of the
ﬁlms used in this study was Graphene-PVP.
2.3. Substrates
Poly(ethylene terephthalate) (PET), with a thickness of 179 mm
(trade name ST 505, produced by DuPont Teijin), was purchased
from Tekra Corp. (New Berlin, WI) and used as the substrate for
thermoelectric measurements. Prior to deposition, PET substrates
were rinsed with DI water, methanol, and DI water, followed by
treatment of each side of the substrate using a BD-20C Corona
Treater (Electro-Technic Products, Inc., Chicago, IL) in order to
improve adhesion of the ﬁrst layer by oxidizing the ﬁlm surface.
Single-side-polished 500-mm-thick silicon wafers, purchased from
University Wafer (South Boston, MA), were piranha treated for
30 min with a 3:1 ratio of hydrogen peroxide (H2O2) to 99% sul-
furic acid (H2SO4), followed by rinsing with DI water, acetone, and
water again and used as substrates for proﬁlometry, atomic force
microscopy (AFM), and scanning electron microscopy (SEM). Free-
standing ﬁlms to be used for thermogravimetric analysis (TGA)
were deposited onto polypropylene (PP) sheets (1.6 mm in thick-
ness) purchased from Alfa Aesar (Ward Hill, MA). The PP sheets
were rinsed with methanol and DI water, but corona treatment
was omitted to cause weaker adhesion and ultimately produce
freestanding ﬁlms.
2.4. Film characterization
Film thickness on Si-wafers was measured as a function of bi-
layers deposited with a proﬁlometer (P-6 Stylus Proﬁler, KLA-
Tencor Corporation, Milpitas, CA). Multiple scratches were made
through each ﬁlm so that height from the levelled substrate could
be measured. Reported thickness represents an average of at least
10 separate measurements on each ﬁlm. Mass deposition onto Ti/
Au plated quartz crystals with a resonance frequency of 5 MHz
was measured with a quartz crystal microbalance (QCM) (Maxtek
Inc., Cypress, CA), using a frequency range of 3.8–6 MHz. QCM
crystals were cleaned in a PDC-32G plasma cleaner (Harrick
Plasma, Ithaca, NY) for 5 min at 10.5 W prior to deposition. In
between dipping the quartz crystal into each solution, it was
rinsed with DI water, blown dry with nitrogen gas, and then left on
the microbalance to stabilize for 5 min. AFM images were taken
with a Digital Instruments Nanoscope (Veeco, Santa Barbara, CA)
in tapping mode, at a scan rate of 0.5 Hz, under ambient condi-
tions. The surface structure of the multilayer thin ﬁlms on a silicon
wafer was imaged with JSM-7500F JEOL ﬁeld emission scanning
electron microscopy (FE-SEM, Tokyo, Japan). TEM images of the
ﬁlms on a Cu grid (T1000-Cu, 3.05 mm diameter, 18 mm thickness,
Electron Microscopy Sciences, Hatﬁeld, PA) were imaged by a
Tecnai G2 F20 FE-TEM (FEI, Hillsboro, OR) at an accelerating vol-
tage of 200 kV and analyzed using Digital Micrograph Software
3.0. Thermogravimetric analysis was performed with a Q50 TGA
(TA Instruments, New Castle, DE). Each sample was approximately
15–20 mg and was run in both an air and nitrogen atmosphere
with a heating rate of 10 °C min1, from room temperature to
900 °C.
2.5. Thermoelectric characterization
Sheet resistance of the multilayer ﬁlms deposited on a PET
substrate was measured with a Lucas Labs (Gilroy, CA) four-point
probe system, with 0.4 mm probe tip diameter and 0.72 mm tip
spacing (Fig. S1(a)). Voltage and current were collected with Lab-
VIEW software (National Instruments Inc., Austin, TX). Sheet re-
sistance (Rs) was obtained using Rs¼4.53(V/I), where 4.53 is a
correction factor [32], V is the voltage, and I is the current. This
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tween the probe points, ﬁlm thickness r40% of spacing, and the
edges of the ﬁlm more than 4X the spacing distance from the
measurement point. Electrical conductivity was obtained by taking
the inverse of the product of the sheet resistance and thickness.
For the Seebeck coefﬁcient measurements, a homemade four-
point probe setup with two T-type thermocouples and two copper
wires was used, equipped with a Keithley 2000 Multilmeter, a GW
PPS-3635 power supply (Good Will Instrument Co., Ltd., New
Taipei City, Taiwan) and operated with a LabVIEW interface (Fig. S1
(b)). Thermoelectric voltage across the ﬁlms (typical sample size is
815 mm) on a PET substrate was measured at 10 different
temperature gradients between 10 and þ10 K. The Seebeck
coefﬁcient was obtained from the slope of a linear temperature-
voltage curve. The coefﬁcient of determination for ﬁnding the
slope in the measurements was greater than 0.99. Reported elec-
trical conductivity and Seebeck coefﬁcient values were the average
of 5 measurements on three independent samples (i.e., 15 total
measurements). Hall measurements with the Van der Pauw geo-
metry (2525 mm) were performed with a homemade setup
following ASTM F76-08 to obtain the electronic carrier mobility
and concentration.3. Results and discussion
A schematic illustration of DWNT-PEI/graphene-PVP deposition is
shown in Fig. 1(a). DWNT and graphene were dispersed in PEI and
PVP, respectively, to prepare well-dispersed solutions for multilayerFig. 1. (a) Schematic of the layer-by-layer deposition process and molecular structures o
on PET, and (c) optical images of aqueous of DWNT and graphene stabilized in PEI an
pensions cast onto silicon wafers are shown next to DWNT and graphene suspensions.assembly. Electrostatic repulsions provided by wrapping the DWNT
with cationic PEI leads to a stable colloidal dispersion in water.
Graphene is exfoliated by steric or/and depletion stabilization by the
non-ionic PVP [33]. Optical images of graphene and DWNT in these
polymer solutions show stable colloidal dispersion after sonication
and centrifugation (Fig. 1(b)). AFM images of dilute solutions dried on
silicon wafers conﬁrm a homogenous dispersion of DWNT in PEI and
graphene (individual or overstacked sheets, 1–2 mm in size) in PVP
without signiﬁcant aggregation.
Film thickness was measured with a proﬁlometer after every
ten DWNT-PEI/graphene-PVP bilayers were deposited on a silicon
wafer. The alternate adsorption of these two colloidal solutions is
strong enough to grow layer-by-layer in a linear fashion as a
function of the number of layers deposited, as shown in Fig. 2(a).
This linear growth suggests consistent ﬁlm composition in-
dependent of thickness. An average thickness of per layer pair (or
bilayer) was estimated to be about 4.0 nm, which is thicker than
sum of the individual thickness of a DWNT (1.5 nm) and gra-
phene (1–2 nm), implying that the PEI and PVP have enveloped
the carbonaceous nanoﬁllers. It was expected that multilayer ﬁlms
would grow via hydrogen bonding between the amine groups of
PEI and the carbonyl groups of PVP, but the PEI/PVP system did not
grow well in the absence of the carbonaceous nanoﬁllers in each
(neither did DWNT-PEI/PVP and PEI/graphene-PVP). This suggests
that both DWNT and graphene are predominantly assembled via
π-π interactions and Van der Walls forces, with the polymers
carried along. Weak short-range forces (such as hydrogen bonding
or hydrophobic interactions) have been successfully used pre-
viously with the LbL assembly process [34,35].f materials used in this study, (b) photo of a fully dried, ﬂexible multilayer thin ﬁlm
d PVP in water, respectively. AFM topographical images of the corresponding sus-
Fig. 2. (a) Film thickness and (b) mass as a function of bilayers deposited for DWNT-PEI/graphene-PVP.
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QCM. Similar to the ﬁlm thickness, mass increases linearly with
bilayers deposited, further suggesting constant composition dur-
ing growth. By combining average thickness (4.0 nm) and mass
(1.02 μg cm2) deposited, per bilayer, the density of the ﬁlm was
calculated to be 2.55 g cm3. This density is larger than either of
the individual polymers (PEI 1.05 g cm3 and PVP 1.2 g cm3)
or carbonaceous nanoﬁllers (DWNT 1.3 g cm3 and graphene
2.2 g cm3), indicating a tightly packed ﬁlm. This high packing
density is most likely due to a higher degree of lateral packing of
graphene and DWNT in each layer [36,37]. Additionally, the con-
centrations of DWNT and graphene layers were calculated to be 53
and 47 wt%, respectively, from QCM data. Because DWNT and
graphene are dispersed in PEI and PVP from each bath deposition,
thermogravimetric analysis was performed on DWNT-PEI/gra-
phene-PVP free-standing material using a previously established
procedure to obtain a more accurate composition of each com-
ponent [37,38]. In this case, the concentrations of PEI, PVP, gra-
phene, and DWNT were determined to be 5.5, 5.7, 39.3, and
49.5 wt%, respectively (see Fig. S2 and Table S1 for the full analy-
sis). A low loading of polymer (11.2 wt%) is attributed to the fact
that they are not deposited by their own interactions with one
another, but are rather drawn into the ﬁlms with DWNT or gra-
phene by their association with them (and excess polymers are
removed by rinsing steps between layers).
Fig. 3(a) shows a tapping mode AFM image of the self-assembled
DWNT-PEI/graphene-PVP structure, which was deposited on a Si-
wafer. The surface morphology of the 2BL nanocomposite shows
uniformly dispersed graphene sheets that are bridged by DWNT in a
network structure. The height of individual DWNT is around 1.5 nm,Fig. 3. (a) AFM and (b) SEM surface image of 2 BL DWNT-PEI/graphene-PVP on Si waf
graphenes on the surface.along with their bundled form (6–7 nm), which agrees very well with
their dimensions from the vendor (Fig. S3). A higher magniﬁcation
image reveals a single graphene platelet with diameter 2 mm sur-
rounded by multiple DWNT (Fig. S4). The surface of the nano-
composites was also imaged using scanning electron microscopy
(SEM), and shows that a well-networked structure of nanotubes
forms after only a few LbL deposition cycles (Fig. 3(b)). DWNT-PEI/
graphene-PVP thin ﬁlms display a 3D interconnected nanostructure,
where individual nanotubes and their bundles form a 3D network
architecture. Furthermore, DWNT are tightly attached to graphene
sheets and bridge between them (Fig. S5). The surface morphology of
the multilayer nanocomposites was further characterized using
transmission electron microscopy (TEM), as shown in Fig. 3(c). Gra-
phene is uniformly distributed and a number of ﬂexible DWNT
bundles with diameters in the range of 15–20 nm are clearly visible
in the nanocomposite ﬁlm, interconnecting among graphene plate-
lets (Figs. S6 and S7). This interconnected network of conductive
carbonaceous nanoﬁllers is expected to improve thermoelectric (TE)
performance due to greater electron conduction pathways, additional
electronic states at the interfaces, and the formation of efﬁcient
carrier-transfer pathways.
Fig. 4(a) shows that DWNT-PEI/graphene-PVP sheet resistance,
measured with a four-point probe system, signiﬁcantly decreases
from 3.8 KΩ sq1 at 10 BL to 105Ω sq1 at 80 BL with increasing
number of bilayers deposited. This reduction in resistance is due to
increased thickness and connectivity of the DWNT and graphene
network. Electrical conductivity (s) of these ﬁlms was calculated
by multiplying the inverse of sheet resistance by ﬁlm thickness. As
more bilayers were added, s exhibited an increase of one order of
magnitude (70 S cm1 at 10 BL and 300 S cm1 at 80 BL). Theer, and (c) TEM surface image of 3 BL assembly on a Cu grid. The arrows indicate
Fig. 4. (a) Sheet resistance and electrical conductivity and (b) Seebeck coefﬁcient and power factor of DWNT-PEI/graphene-PVP as a function of bilayers deposited on a PET
substrate. (c) Carrier concentration and carrier mobility (from a Hall Effect measurement) and (d) air-stability of Seebeck coefﬁcient under ambient conditions (full analysis is
in Fig. S8).
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increase in the density of intersecting pathways for electron
transport as the conductive network formed by nanotube and
graphene transitions from 2D to 3D with increasing layers. The
dependence of conductivity on the number of deposited layers
levels off at 80 deposition cycles. This is an expected result be-
cause s reﬂects the ﬁlm structure more than the amount of con-
ducting material deposited [39].
The Seebeck coefﬁcient (S) of the DWNT-PEI/graphene-PVP
multilayer nanocomposite was measured as a function of the
number of bilayers deposited, as shown in Fig. 4(b). The S values
are negative, indicating an n-type TE material with electron-
dominated carrier transport. These thin ﬁlms exhibit a modest
increase in S (i.e., more negative) with thickness, attaining
80 μV K1 at 80 BL. This appears to be the ﬁrst report of an
n-type TE nanocomposite prepared with LbL assembly. Both PEI
and PVP contain nitrogen atoms either in the backbone or in the
side group of the polymer chains (see Fig. 1(a)), which allows them
to act as electron donors [40]. Adsorption of these polymers on
DWNT and graphene generates an increase in electron density in
the π electron system, causing the majority of charge carriers to
change from holes to electrons and the S to change sign (from
positive to negative) [41,42]. The power factor of the DWNT-PEI/
graphene-PVP nanocomposites was calculated (PF¼S2s) as a
function of the number of bilayers deposited. The PF of multilayer
thin ﬁlms at room temperature increases with layers added, in a
similar manner to s, so the increase in PF primarily originates from
the large increase in the conductivity of the nanocomposite ﬁlms.
At 80 BL, this ﬁlm has a power factor of 190 μWm1 K2, which is
not only greater than that of the individual components, but also
one of the highest values ever reported for polymer/graphene or
polymer/CNT composites (see Table S2) [43–45].
This exceptional n-type thermoelectric performance can be
attributed to a strong synergistic effect made possible by theuniform nano-complex created through LbL deposition. Integrat-
ing active conductive components, such as DWNT and graphene,
into a highly ordered and layered 3D hybrid organic nanostructure
signiﬁcantly enhances the electrical conductivity and Seebeck
coefﬁcient (and hence PF). It should be noted that both s and S
increase simultaneously with layers deposited (Fig. 4(a) and (b)).
This behavior is not observed in conventional bulk TE materials
due to a strong interdependence of S and s [46]. The decoupling of
s and S in the present system can be ascribed to a continuous 3D
network where many nanotubes bridge adjacent graphene be-
tween upper and lower layers in the ﬁlm. This complex nanos-
tructure can provide a more efﬁcient pathway for carrier transport
as well as have a carrier energy-ﬁltering effect that is created by
the energy potential barrier via numerous interfaces between each
component and layers [12,13,47,48]. It is speculated that the car-
rier with higher energy preferentially participates in the transport,
while lower energy carriers are scattered at the junctions and/or
layer interfaces so that ﬁltering by means of a nanoscale potential
barrier can increase power factor (i.e., energy-dependent carrier
scattering) [8,49]. Energy ﬁltering of charge carriers is conﬁrmed
by Hall Effect measurements (Fig. 4(c)). In this case, carrier mo-
bility more than doubles with increasing layers, while carrier
concentration only slightly decreases. This result indicates that the
carrier mobility enhancement through energy ﬁltering allows S to
increase without suppressing s, thereby increasing PF in the
DWNT-PEI/graphene-PVP nanocomposites.
One of the limitations for organic n-type TE materials (such as
graphene- or CNT-electron donating polymer conjugate nanoma-
terials) is that the n-type behavior deteriorates in air over time
because the carbonaceous nanoﬁllers are susceptible to oxygen
doping in air [42]. Surprisingly, the DWNT-PEI/graphene-PVP na-
nocomposites studied here exhibit a relatively stable Seebeck
coefﬁcient under ambient conditions. Fig. 4(d) shows how S
changes with time for ﬁlms of varying thickness. The S of an 80
C. Cho et al. / Nano Energy 28 (2016) 426–432 431DWNT-PEI/graphene-PVP BL nanocomposite decreases by 40%, but
reaches a stable plateau over 60 days. An air-stable TE thin ﬁlm
assembly is believed to be due to the fact that LbL deposition
produces nanocomposites of highly aligned and exfoliated gra-
phene layers that create extreme tortuosity for gas diffusion.
Graphene oxide or clay nanoplatelet-based LbL assemblies are
known to exhibit low oxygen permeability [50–52]. The fact that S
decreases less as more layers are deposited, further supports this
gas barrier concept for DWNT-PEI/graphene-PVP nanocomposites
(i.e., thicker ﬁlms have better barrier due to longer diffusion path)
[53].
Although there are some techniques such the 3ω method and
micro-fabricated heater bridge to measure thermal conductivity
(κ), the thin ﬁlm (o400 nm) in-plane κ measurement remains
difﬁcult because of the unfavorable heat ﬂow (parasitic heat con-
duction) into the substrate [54–56]. Despite not providing a value
for κ, it can reasonably be expected to fall between 0.1 and
20 Wm1 K1, making ZT between 0.002 and 0.56 at room tem-
perature (see Table S3 ESI†). It is expected that nanostructuring
from LbL assembly may strongly scatter heat carrying phonons
due to a high density of interfaces, so ZT is more likely to be at the
higher end of that range [3,57,58].4. Conclusions
A new approach to fabricate n-type organic thermoelectric
nanocomposites using layer-by-layer assembly was presented.
Alternate substrate exposure to DWNT in PEI and graphene in PVP
aqueous solutions generated a highly networked nanocomposite
in which well-dispersed DWNT and graphene formed an inter-
connected network between upper and lower layers in the ﬁlm.
The maximum electrical conductivity, Seebeck coefﬁcient, and
power factor of the nanocomposite were 300 S cm1,
80 μV K1, and 190 μWm1 K2 at room temperature, respec-
tively, and are much higher than those of polymer-graphene or
polymer-CNT composites. A continuous 3D conjugated network,
where DWNT bridges graphene sheets, provides more efﬁcient
electron transport and increases Seebeck coefﬁcient due to im-
proved carrier mobility. Furthermore, the graphene platelets
aligned in the multilayers in the direction parallel to the substrate
seem act as a barrier to permeating oxygen, imparting long term
stability in air. This novel n-type nanocomposite provides an op-
portunity for low-cost and efﬁcient thermoelectric materials made
completely from carbon, as well as to prepare high performance p/
n thermoelectric devices on ﬂexible substrates (e.g, fabric for
wearable power).Acknowledgments
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